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T^ pr-nvoH Maina ^^ M^rrocapsules. 
y,^*-y>ru^^ Making nnri H^ipq Same 

This is a continuation of co-pending application U.S. 
serial No. 07/449,983, filed Deceinber 13, 1989. 

p^^v^o»T,r» Of thA Tnvention 

1 i?i'f>1d of tnvention 
5 ' This invention relates to the fields of polymer 
chemistry, immunology and transplantation, and more 
particularly to the field of materials for use in 
conjunction with transplantation^ and implantation of 
foreign cells and biological materials. 

10 2. ^^H- n?<r!Vcrround 

Evidence exists that transplantation of msulxn- 
producing cells (islets) can cure the diabetic animal of 
the need for insulin therapy. The major obstacle 
preventing clinical success in islet transplantation as a 
therapy for diabetes to date has been immunogenicity of 
the cell and rejection of the transplanted graft. Survival 
of islet allografts and or xenografts has been achieved by 
various methods of immunosuppression and/or related 
immunological techniques. However, such techniques have 
had only limited success in that the transplanted islet 
cells survive only a short while before rejection occurs, 
in addition, the extended use of immunosuppressive agents 
often results in severe complications, such as renal 
damage and even cancer in the transplant recipient. 

one solution to this problem of graft rejection xs 
the introduction of a physical, semi-permeable barrier 
between the transplanted islets and the host's immune 
svstem by the method of microencapsulation. 
Microencapsulation is a process in which small, discrete 
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-t«ui,, biological, tissue or cells • 

droplets, oT gases are completely enveloL k 
-e^rane „hich is Preferably c~M ^ " 
biological system in which it """"S^lMe with the 

= the microcapsule melrat s to orl-' ""^ « 
Within .rem immunological recU^ioT^LT T^'''' 
control the flow of materiair ln=, . 
Microcapsule across the m^^„V"' ' ^ 
A large body of liteT-a+-i,>-« 
" ^een proauce. incluai; t:;; "—capsulation has 

"3- 136; LeungTlnr^i^^''^^^^-^^ 

-a-aia;;.a,a!'et al ^ia'^^'tMr^ 
«50-854; and U.S. Pat";;^^' ' ^^P*^"^" 

-.391,90., among othe^I ^'"'.331; 

- microSar^elTs*" "^^^ "^'-^^^^ - 

chloroplasts. pia^t prol^lasL™!'" 

'■-e been immobili/er an^ ^^^^^ 
microencapsulation techniques. ^"rapped using 

Among the materia 1*3 • 

" al^ihate gels. Lim a^ iT iTs^ su 

encapsulated islets usl^a successfully micro- 

Polyethylenimini re^'/^'T^ P^ly-^lysine and 

intraperitoneali; iT «t T ""^ 

glucose levels dronn^rt <- ™^ animals, blood 

30 suggesting thit ^^l^, ~ -° *° weeKs. 
the islets from InvasttTTi '^'^^^ P^-^-cted 

However, these st^s^lrth^r'^e"" ' 
eventually rejected as a result of fT "ere 
formation around the T ^^""^^s, or fibroblast 

35 restricts the flow oTnutTr""'"' eventually 
the microcapsule aM T^Tnll ""^ ^" 
Mic^capsules created by the islet^L™ rreL" 
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The Lim and Sun capsules are usually made by first 
forming a negatively charged alginate bead around purified 
and isolated islet cells by cross-linking alginate with 
calcium chloride, then creating a positively charged 
5 membrane on the outer surface by forming an ionic bond 
with a cation such as poly-L-lysine. Additionally, a 
second negatively charged outer layer of alginate is 
usually formed around, the outside of the poly-L-lysine 
layer, ionically bonded thereto. Finally, the inner bead 

10 of alginate is degelled, leaving a capsule surrounded by 
a layer of poly-L-lysine-alginate gel and an outer layer 
of alginate. This prior art capsule is depicted in Figure 
1 and described in more detail below. 

capsules formed according to the foregoing procedure 

15 are difficult to make, requiring many steps, which is not 
advantageous in light of the consideration that live cells 
are involved. Also, it is desirable to minimize handling 
time and moderate handling conditions. Even more 
significant, however, is the fact that these prior art 

20 capsules often fail in vivo as a result of the release of 
substances which stimulate cytokine release, which in turn 
cause the microcapsules to be attacked by immunoglobulins. 
The immunoglobulins may either, or in combination, 
penetrate the microcapsule and destroy the enclosed islet 

25 cells, cause fibroblast formation around the microcapsule 
thereby choking off nutrients to the cells and preventing 
the cell products from being released into the host; 
and/or stimulate the destruction of the microcapsule via 
the host's immunological system. 

30 Alginate, the principal material of the 

microcapsules, is a heterogeneous group of linear binary 
copolymers of 1-4 linked /3-D-mannuronic acid (M) and its 
C-5 epimer a-L-guluronic acid (G) . The monomers are 
arranged in a blockwise pattern along the polymeric chain 

35 where homopolymeric regions are interspaced with sequences 
containing both monomers. The proportion and sequential 
arrangement of the uronic acids in alginate depend upon 
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the species of algae and the kind of alaal i-i 

Which the material is prenared ° • ^ ""^^"^ 

^ prepared. Various propertiec; o^f 

content. Specificaliv ^ guluronic acid 

i>peciracally, two consecutive di-aviaii,, • , , 
G residues provide binding sites for cIicIumT 
10 sequences of such sit.. ^ calcium ions and long 

sucn sites form cross-links wit-K • 

15 ^-D-mannuronic acid fm ™ ^"-"^^^ 

acid (M) component of alainate /e 

20 in accordance with the theories ■ 

has traditionally been believed 1.^ " 
effective barrier acaintt -"l-rocapsules for„ an 

having a sutt^T ^^mioglobulin penetration by 

aving a sufficiently small diameter porositv th=,^ , 
proteins are excluded. However It 1? k 

25 negative charge of th. , ' ^ 

Significant role in LrukaT'"!' '''' "'^^^ ^ 
-Ch as i»u„ogloMlTr ' P-'-in^, 

the prit/ aT* "''"^"^^ deficiencies of 

30 descr^d tretn T ' ^ "^«-P-le of the type 

description as 111 as :::iir^ "'"^ 

relating thereto. -""-n^- -terlals and methods 

smmarv of i-i,^ 

heretofore beL discl^" -Plantation which has not 
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It is one object of the present invention to provide 
a material which may be implanted or transplanted in vivo 
which is non- immunogenic and non-fibroblast inducing. 

It is yet another object of the present invention to 
5 provide a microencapsulation system utilizing alginate 
which is gelled using barium salt instead of the prior art 
calcium chloride. 

It is another object of the invention to provide a 
microencapsulation system in which the alginate bead 
10 remains in a gelled state. 

It is yet another object of the present invention to 
provide a microcapsule which is more rugged and durable 
than prior art capsules, and which retains a greater 
negative charge over a longer period of time than prior 
15 art microcapsules. 

It is another object of the present invention to 
provide a microencapsulation system which decreases 
immunogenicity relative to prior art capsules by limiting 
the leaching of M block alginate. 
20 Still another object of the present invention is to 

provide a microencapsulation system which increases 
immunoprotectability of the contents thereof by increasing 
and maintaining the negative charge in the core, thereby 
preventing or minimizing the entry into said microcapsule 
25 of negatively charged immunoglobulins. 

Yet another object of the present invention is to 
provide a microencapsulation system with improved insulin 
or other protein or product release characteristics 
resulting from the negative charge in the capsule. 
30 The present invention comprises a new encapsulation 

material comprised^ of alginate gelled by barium salt, the 
material being useful in vjvo for implantation and 
transplantation in mammalian bodies. The material may 
take many forms, such as sheets, organ capsulation and the 
35 like, but is preferably used for microencapsulation of 
living cells which are foreign to the host in which they 
are implanted. The present invention also protects the 
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barium chloride. Optionallv . Preferably, 

10 »ay be aade. to the cap.ule. The alg^^ate i„ ^^f 

coating is prelerably comprised of subset ' , , " 
aci. „ith .inor a.o^ts':. r^nllTZlT^ZT''"''' 

either Of the alginate portion of 

xtner or the former embodiments is ^ 

15 co^ination Of bari,» ana calciu.? ' " 

in yet another era=oaiment, the inner layer of 

l.ven:.t „.Tb?r!' -^^^""^ - P-sent 

^a^ingrpri^eaher^irrr t "^^^^"-^^ *° 

nerewxth and described briefly below. 

Brief npsrrin tion -kk^ nr-.Tri,.i| 

FIGURE 1 is an illustr-flf-ior, ^ 
5 P.ior art '^^r.^...^^ --'::^^^^ 

e».o.i„ent of the p^e^rr^Uon: ^ ^ 

0 ~^:Soitt^rprr ii^^^^^^^^^^^ « 

FIGURE 4 is an illiistT-fli-{«« «^ 
P^ferrea e^oai^ent of^T rsel^^r^ " 

anoth-^Zo^i^r i^t^^or — °^ 
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Detailed Description of the Invention 

The present invention comprises material which can be 
implanted or transplanted in vivo into mammals without 
inducing any substantial immunogenic reaction or 
5 fibroblast formation. The present invention also 
comprises materials for encapsulation of biological 
materials. The present invention is also a process for 
microencapsulating biological cells and other materials 
for use in implantation or transplantation as a drug or 

10 biological material delivery system. As used herein, the 
term biological materials includes prokaryotic and 
eukaryotic cells which are either naturally occurring or 
genetically engineered, drugs or pharmaceuticals, enzymes, 
parts of cells such as mitochondria and protoplasts or any 

15 other naturally occurring or synthesized material which 
may be implanted. 

The material used in the present invention is 
alginate cross -linked with barium salt, and preferably 
barium chloride. The alginate may be any alginate 

20 solution capable of forming microcapsules, as is known in 
the art. The alginate may be comprised substantially of 
a-L-guluronic acid (G) which may be referred to herein as 
guluronic acid alginate or high G. 

The use of high guluronic acid alginate is described 

25 in our copending patent application Serial No. 446,462. 
Small amounts of mannuronic acid (/3-D-mannuronic acid) are 
also present. There are at least 65% G residues or more, 
and preferably about 85% G residues and 15% or less M 
residues in high G alginate. Alginate so comprised 

30 elicits a very low response from monocytes in the 
production of tumor necrosis factor (TNF) and IL-1 and IL- 
6, and, as a result, does not elicit fibrosis. Such 
alginate may be obtained from Protan A/S, Drammen, Norway. 
High G alginate is the preferred alginate used on the 

35 outside of microcapsules because of its property of not 
inducing fibroblast formation. 
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AS J "'""^^ « sun. 

AS sho™ xn Figu.es 1, suih prior art microcapsule. 
coMprxse islets of Langerhans 12 or other suhstance^or 
transplantation or implantation contained in a liquid bead 
5 or capsule of alginate 14 which was gelled with calciu. 
chlcrxde during the ^naKlng of the microcapsule and then 
unge led to return it to a liguid state. Surrounding the 
calcxum-alglnate licfuid bead is a layer of poly-L-lvs!n! 
16 Which forms a membrane by bonding ionica'lj witT^e 
10 alginate core. on the outside is another layer ^ 
alginate 20. oz 

AS Shown in Figure 2, the present invention, in one 
embodiment, comprises islets of Langerhans 12 or"th" 
transplantation or Implantation material, coated with a 
15 bead Of alginate 22 gelled with a barium salt, preferably 
barium chloride. P^exeraoiy 

be „^ ' °' langerhans 12 may 

be surrounded by a barium alginate gel coating 22 as Z 
Figure 2, Which in turn is surrounded by a poly-^i^^:: 
20 layer 16, which in turn is surrounded by an outer layfr " 
alginate 24, preferably high G alginate. 

AS shown in Figure 4, which depicts the preferred 

25 cLcL ^d t ^^''^^ ""^ 

nolvT, f"™' ^ -rrounded by a 

Poly-L-lysxne layer 16, which in turn is surrounded by an 
outer^layer of alginate 24, preferably high G alginate. 

AS shown in Figure 5 the islet of I^gerhans 12 may 
be surrounded by a barium alginate bead 22 or an aloLZ 

30 bead gelled with both calcium and barium 26, :hrch?n :1 
IS surrounded by a poly-L-lysine layer 16, which in turn 
xs surrounded by an outer layer of hyaluronic acid 30 

or "P^"^" al'one 

35 !Lr other layers to form a 

35 microcapsule. l„ the preferred embodiment, a 1.0% to 1 5% 
by weight alginate solution is formed around purified 
xslets Of langerhans and is treated with a solution I'll 
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range of 2 to 20 niM barixim- chloride to form a gelled 
microcapsule . 

In another embodiment, an alginate bead having a 
concentration of 1.0 to 1.5% alginate is first treated 
5 with a solution of 80 to 100 mM calcium chloride, to bind 
the G-blocks, and then with a second solution of 1 to 20 
m barium chloride to bind the blocks of the alginate 
composition . 

In yet another embodiment, the microcapsule of the 
10 immediately foregoing embodiment is further treated with 
a solution of 0.5% poly-L-lysine (20,000 MW) . An outer 
coating of 1.1% alginate, preferably high G alginate, is 
then formed therearoxind. 

As a middle layer, poly-L-lysine is the preferred 
15 material. However, it will be appreciated by a person of 
ordinary skill in the art that poly-L-omithine and 
chitosan may be used in place of poly-L-lysine, and that 
other cationic compoiinds with similar properties may also 
be used. 

20 The use of hyaluronic acid as a component of the 

present invention inhibits the formation of fibroblasts 
when applied as an outside coating on the microcapsule. 

There are many improvements provided as a result of 
the present invention. First, barium alginate tends to 

25 be a more rugged and hardy material than prior art calcium 
alginate. Also, fewer steps are required in the 
manufacture of barium alginate microcapsules, first 
because multiple layers are not required, and also, if as 
many layers are used, there is no need for a de-gelling 

30 step as is used in the prior art. . 

When alginate beads are treated with both barium 
chloride and calcium chloride, the bead is first dropped 
in a solution of calcium chloride, and then in a solution 
of barium chloride. The calcium is believed to cross-link 

35 with the guluronic acid blocks of he alginate molecules, 
and the barium cross-links both with the M-block portions 
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Of the alginate and the G-block portions which have not 
previously been cross-linked with the calciui chloride 

The resulting microcapsules of the present invention 
have ^proved kinetics of insulin release. The ZllZ 
S *lor.de gel material has a greater negative char^ 
because .t is in a gel form, rather than a liguid for! 
ana also because over time, the ligaid calcium alginate of 
the prior art microcapsules leaches out so there is les! 
negatively charged material in prior art microcapsules 

barged ^sulin, or other negatively charged Lterial 
thereby forcing said insulin or other material out of 
Microcapsule. Conversely, the negative charge would alsl 
repel immunoglobulin molecules produced by the holt 
15 thereby safely protecting tbe contents o/tt 
microcapsule. 

For in viva applications of the present invention 
the exposition comprising alginate having a high ; 

20 r r " °* capsulation 

20 Sheets of alginate for implantation, hollow fibers 2 
membranes formed of the subject composition. 

gingle-1,ver n 1 r roencapsul ati nf T.,... „f r rnTyl 

25 0 2 rmT."' '''''' °' ^"^erhans (2 X 10' islets in 
0.2 ml medium, may be suspended uniformly in 2 ml of a 
1.5* (w/w) sodium alginate solution (viscosity 51 cms) in 
Physiological saline. spherical droplets' cont^ i; 

^ro^h '^''"'^ ^'^'^ 

through a 22-gauge needle and collected in 1.5% (w/w, 

islet? w T"""^ algluate droplets, containing 

islets, were washed with dilute CHES (2-cyclohexylamino! 
ethane sulfonic acid, solution and 1.1* barium chloride 

solution* 

35 The microcapsules are found to be generally spherical 

and each to contain from i to 2 viable islets. The 
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microcapsules have a diameter of 500 ± 50. ;xm and wall 
thicknesses of about 3-4 urn. The microcapsules may be 
suspended in nutrient medium at 37 'C. 

Rvample 2 

5 Mutliple-laver Microencapsulatio n of Islets of Lanqerhans 
cultured rat islets of Langerhcms (2 X 10^ islets in 
0.2 ml mediiim) may be suspended uniformly in 2 ml of a 
1,5% (w/w) soditun alginate solution (viscosity 51 cps) in 
physiological saline. Spherical droplets containing 

10 islets were produced by syringe pump/air jet extrusion 
through a 22-gauge needle and collected in 1.5% (w/w) 
barium chloride solution. The supernatant was decanted and 
the gelled spherical alginate droplets, containing islets, 
were washed with dilute CHES solution and 1.1% bariiim 

15 chloride solution. 

After aspirating off the supernatant, the gelled 
droplets were incubated for 6 minutes in 0.05% (w/w) 
poly lysine having a molecular weight of 17,000. 

The supernatant was decanted and the poly lysine 

20 capsules were washed with dilute CHES, 1.1% calcium 
chloride solution and physiological saline. The washed 
poly lysine capsules were incubated for 4 minutes in 30 ml 
of 0-03% sodium alginate to permit he formation of an 
outer alginate membrane on the initial polylysine 

25 membrane, by ionic interaction between the negatively 
charged alginate and the positively charged polylysine. 
The alginate used in the outer coating, and if desired, 
the inner coating as well, is poly G alginate (Protan) 
produced as described above. 

30 The microcapsules are found to be perfectly spherical 

and each to contain from 1 to 2 viable islets. The 
microcapsules have a diameter of 700 ± 50 nia and wall 
thicknesses of about 5 pm. The microcapsules may be 
suspended in nutrient medium at 37 'C. 
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Example 

Lanaerhang xecs nr 

5 0 2 „r^!^"V I-ngerhans (2 x lo' islets i„ 

5 0.2 ml .neaxua) were suspended uniformly in 2 ml of a 1 5% 
(w/w sod.u. alginate solution (viscosity 51 apj ,1 
Physiological saline. spherical droplets cont nin: 

through a 22-gauge needle and collected in 1 5% ,„/„, 
10 calcl™ Chloride solution. The supernatant was Lintid 

islets, were then collected in 1.5% (w/„, barium chloride 
The supernatant was again decanted and the gellld 
spherical alginate droplets were washed with dilute^^L 
15 solution and 1.1% calcium chloride solution 

After aspirating off the supernatant, the gelled 
droplets were incuhated for e minutes in 0.05% ll]^ 
polylysine having a molecular weight of 17,000 ^ ' 

The supernatant was decanted and the polylysine 
20 capsules were washed with dilute CUES J Wsine 
Chloride solution and physiological ^L^.'-'L^llZ 

out^r al r ''"'^ *° ^^^^ °^ an 

outer alginate membrane on the initial polylysine 

ITT'/^ interaction between the Lgl^Li" 

SeTginT"^^^" "^^^^ pojlysinif 

The alginate used in the outer coating, and if desired, 

" microcapsules are found to be perfectly spherical 

and each to contain from 1 to 2 viable islets. 

Zr2TT """^ ^ ^'^'^^^ °' "0 * =0 ani 

wan thicknesses of about 5 ^m. The microcapsules may be 
suspended in nutrient medium at 37- c. 

' the art riat t^ '° ' °^ ""^^^^ ^"^"i i" 

the art that the present invention is not limited in its 

application to specific biological materials to b! 



wo 91/09119 



PCT/US90/07275 



13 



encapsulated, such as the islet cells described in detail 
above, or by the specifically described other inner layers 
of microcapsule discussed herein. The only limitations of 
the present invention are set forth in the claims appended 
5 hereto and any equivalents thereof. 
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Claims 



1. A transplantation ' or Implantation material 
co«™ encapsulated with a coating 

material comprxsin, alginate cross-linlcea „i«> ^^^Z 



5 salt 



2. The material of claim l wherein said biological 
materxal comprises purUied islets capable o. proZcl:^ 

10 "^'^^''^^^ °* ^^'i- 1 ""erein said biological 

10 material xs microencapsulated in a first innermost l^l 

of barium chloride cross-ll^ced alginate a .J . 

intermediate layer of cationic material selected l::^ 

s^^tantiall. of „-.guirnic l^d ^r^mt; aT^iT 
D-nannuronic acid and hyaluronic acid. ^ 

layer poly-L-lysine and said third layer is alainat. 
comprised substantiallv of rron ^ alginate 
^ anraaiiy of gelled a-L-guluronic acid with 
minor amounts /S-D-mannuronic acid. 

5. The composition of claim 4 wherein said 
poly-L-Lysine comprises a molecular weight of le! 11 
20,000 daltons. ^ °^ ^^^^ 

6 . The composition of Claim l wherein said alginate 
xs cross-lxn3ced with harium chloride and calcium chl!riL 

7 A method Of encapsulating biological material 
comprising forcing around said biological material Thea^ 
Of alginate gel cross-linked with barium salt. 

• 8. The method of claim 7 wherein said biological 
material comprises islet cells. biological 
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9. The method of Claim 8 wherein said islet cells 
are first microencapsulated in a bead of barivun 
cross-linked alginate gel, then encapsulated in a layer 
composed of material selected from poly-L-lysine, poly- 

5 L-omithine and chitosan, and then encapsulated in an 
outermost layer comprising material selected from 
hyoluronic acid and alginate comprised substantially of 
i3e-L-gui\ironic acid with minor amounts p-D-mannuronic acid. 

10. The method of Claim 9 wherein said second layer 
10 material is poly-L-lysine and said outermost layer 

material is alginate comprised substantially a-L-guluronic 
acid with minor amounts )3-D-mannuronic acid. 

11. The method of Claim 10 wherein said 
poly-L-Lysine comprises a molecular weight of less than 

15 20,000 daltons. 

12. The method of Claim 7 further comprising 
cross-linking said first layer of alginate with both 
barium salt and calcium salt. 

13 . A method of maJcing a microcapsule for containing 
20 islets of Langerhans comprising forming around said islets 

of Langerhans a bead comprised of alginate, and gelling 
said alginate with barium chloride. 

14. The method of Claim 13 wherein said alginate is 
in a concentration in the range of 1% to 1.5%. 

25 15, The method of Claim 13 wherein said barium 

chloride in the range of 2 to 20 mM. 

16. The method of Claim 13 further comprising 
treating said microcapsule with calcium chloride in the 
range of 80 to 100 mM. 




FIG. 2. 
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FIG. 4. 




FIG. 5 a. 




FIG. 5b. 
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U.S. 
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